INTRODUCTION
Tropical oceans cover ca. 40% of the global ocean (Longhurst & Pauly 1987) ; however, knowledge of the structure and function of tropical pelagic ecosystems is limited, compared to information available on arctic and temperate pelagic ecosystems. In contrast to high latitude ecosystems, the tropics are characterised by smaller seasonal amplitudes in the climatic forcing factors. Despite the apparent stability of tropical seas, major seasonal oscillations occur due to, e.g. the influence from monsoonal forcing. The mon-ABSTRACT: The hydrography and plankton community structure was investigated in the Andaman Sea off Phuket, Thailand. Two cruises were conducted in 1996, one representing the calm dry NE monsoon season (March) and the other representing the stormy and rainy SW monsoon season (August). Sampling was performed along 3 transects perpendicular to the shelf break, from the coast across the shelf into deep water. The water column at the nearshore stations was vertically mixed, while the water column at off shore stations was strongly stratified, hence a frontal zone was established at the mid shelf. A prominent feature of the area was the pronounced internal wave centred around the pycnocline. The wave was observed from the outermost stations to the mid-shelf front. The height of the wave reached peak values of approximately 60 m in areas of approximately 300 m bottom depth. At all stations in stratified waters the vertical distribution of the phytoplankton showed a pronounced subsurface chl a peak in association with the pycnocline. The highest chl a values and primary production was observed at the front established at the mid shelf where the pycnocline meets the bottom, and salt nutrient-rich water is mixed up in the surface layer. We did not find any relationships between hydrography and the other key components of the microbial food web. No difference in productivity or food web structure was observed between the 2 seasons despite a significant difference in climatic forcing. Pico-and nanoplankton dominated the biomass in both seasons and Synechococcus contributed 72 to 74% of the biomass. Analysis of the microbial food web and establishment of carbon-flow budgets illustrates the importance of the microbial food web for making the primary producers available to the higher trophic levels.
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Resale or republication not permitted without written consent of the publisher soons potentially have a great impact on mixed layer depth, on the flux of nutrients to the upper mixed layer and thereby on pelagic food web structure and production.
Recently, a number of multidisciplinary research programmes have been studying the dynamics of the tropical Arabian Sea (Krishnaswami & Nair 1996 , Smith et al. 1998 , Burkill 1999 , Garrison et al. 2000 , Kidwai & Amjad 2000 . The overall aim of these investigations was to understand the linkages between large-scale pulsed atmospheric forcing, oceanic circulation patterns and episodic biological display. The research conducted in the Arabian Sea has significantly improved our knowledge and understanding of the seasonal and spatial variability of oceanographic features and the biogeochemical cycling of a tropical ocean due to monsoonal forcing.
Similar to the Arabian Sea, the western coast of Thailand is influenced by the biannual monsoon cycle that impacts the entire region from West Africa to South East Asia (Yesaki & Jantarapagdee 1981) . In the Andaman Sea the climate is influenced by 2 distinct monsoon periods, i.e. the Northeast (NE) monsoon and the Southwest (SW) monsoon. During the dry, relatively calm, NE monsoon from November to April, winds from Northeast dominate, while the SW monsoon is characterised by higher precipitation and stronger winds from the Southwest.
Since the shelf area off the Andaman Sea is an important fishing ground (Janekarn & Hylleberg 1989) , knowledge is needed regarding the influence that the monsoonal cycle and oceanographical features have on the structure and productivity of the pelagic food web supporting the fish stocks. Yesaki & Jantarapagdee (1981) suggest that coastal upwelling is a recurrent phenomena generated by the monsoon system. Previous investigations in the Andaman Sea (Wium-Andersen 1977, Kiørboe et al. 1991 ) have suggested that the shelf-break front is highly productive and potentially important for the productivity of the area. Hitherto, investigations of the food web structure of the Andaman Sea have primarily covered nearshore areas and only the components of the classical food web, i.e. addressing site-specific primary production (Wium-Andersen 1977 , Sundström et al. 1987 , Janekarn & Hylleberg 1989 , taxonomy of the larger phytoplankton (e.g. Gedde 1996 Gedde , 1999 , abundance and taxonomic composition of zooplankton (Boonruang 1985 , Satapoomin 1999 , Satapoomin & Pornchai 2002 , and fish larvae . Knowledge of the small-sized fractions in terms of ecological importance is limited, although a number of publications dealing with nano-sized taxa exist from the area (e.g. Thomsen & Moestrup 1983 , Thomsen & Boonruang 1983a ,b, 1984 , Thomsen 1988 .
During the last decades the importance of autotrophic picoplankton (i.e. < 2 µm), bacteria and heterotrophic protists have been demonstrated, and particularly so in oligotrophic warm oceans (Sorokin et al. 1985 , Buck et al. 1996 , Garrison et al. 1998 , 2000 . Since copepods are seldom able to directly capture the dominating primary producers in the oligotrophic tropical systems (Hansen et al. 1994 , Calbet & Landry 1999 , the microbial food web performs a crucial role in the transfer of energy up the food chain. Obviously, knowledge of these major food web components is of considerable importance for understanding the site-specific biogeochemical characteristics and, hence, is also a prerequisite for the development of reliable strategies for sustainable regional ecosystem management.
Observations of high productivity at the shelf break in the Andaman Sea led to the hypothesis that the shelf break is an important site of primary and secondary production, hence a potential area for the development of a pelagic fishery. In order to further investigate this hypothesis and to improve our understanding of the tropical pelagic ecosystem, the project 'Pelagic Andaman Sea structure, function and productivity with particular emphasis on an access of potential fisheries resources' was initiated under a Thai-Danish scientific co-operation program. During these investigations we used a holistic ecosystem approach with simultaneous measurements of hydrographic parameters and key components of the pelagic food web.
Here, and in a paper by Munk et al. (2004, this volume) , we provide an overall outline of the hydrography and the pelagic ecosystem of the Andaman Sea. Special emphasis is given to seasonal and horizontal distributional patterns of plankton components in relation to monsoonal cycles and physical parameter changes. The present paper targets hydrographical features and bacterial and protist plankton along transects from the coastal shallow water across the shelf slope into the offshore waters, while the paper by Munk et al. (2004) addresses the assemblages of mesozooplankton and fish larvae.
Other related papers provide an in-depth analysis of selected trophic entities and processes of the Andaman Sea, i.e. phytoplankton (J. B. Østergaard, H. A. Thomsen, F. Riget unpubl.), microprotozoa (P. J. Hansen & T. G. Nielsen unpubl.) and copepods (Satapoomin et al. 2004, this volume) .
MATERIALS AND METHODS
Study area. Two cruises were conducted from March 11 to March 27 (NE-96) and August 15 to August 29 1996 (SW-96) on board the RV 'Chakratong Tongyia' (Fig. 1) . Sampling was performed during the daytime along 3 transects, numbered 1 to 3 from south to north, perpendicular to the shelf break and extending from the coast across the shelf slope (Fig. 1) . The distance between stations was 5 or 10 nm. The shelf is ca. 30 km wide at Transect 1 and widens to ca. 90 km at the northernmost Transect 3. At Transect 1, the depth increases steeply just off the coast and the near shore station was located at a depth of 60 m. Nearshore stations on the 2 other transects were at 20 m depth. The original idea of repeating identical sampling programmes during March (NE monsoon) and August (SW monsoon) was not fully achieved, due to very strong winds prevailing in August. The 2 southernmost transects and only the nearshore stations on Transect 3 were revisited during the August cruise (Fig. 1) .
Water column structure. At all stations the vertical distribution of temperature, salinity and fluorescence was measured with a Sea-Bird SBE 25-01 Sealogger CTD (conductivitytemperature-depth) equipped with a Chelsea fluorometer. Due to a pronounced internal wave in the pycnocline, 5 consecutive CTD casts (each consisting of a down-cast and an upcast) were carried out at each station with the aim of sampling the full extent of the wave; Fig. 2A exemplifies the very dynamic nature of the water column structure. To standardise the profiles, the water column parameters of the 5 CTD casts were averaged within depth intervals of 1 m (exemplified in Fig. 2B ) prior to the isoplet contouring of density and fluorescence. Water column density profiles were used to calculate the stratification parameter φ, according to Simpson (1981) . This gives a measure of the mechanical work required to mix the water column (J m -3 ):
where g = acceleration due to gravity, h = total depth of the water column, p = density, p 0 = average density of the water column, and z = depth. In addition to the stratification parameter, we defined and calculated a wave intensity index (max amplitude 3 /depth). We calculated the height of the internal wave from a comparison of the successive CTD profiles, as the maximum depth minus minimum depth of a water mass of a given density. The calculated wave height was then plotted against the average depth of the density being considered (Fig. 3) .
The relative chlorophyll fluorescence values were converted to chl a from a linear regression between the fluorescence (Fluo) and spectrophotometric (B) The same profile after the averaging procedure has been applied measurements of chl a covering all transects (chl a = Fluo/0.6506-0.012, r 2 = 0.83, n = 113). Solar irradiation was measured on-deck every half hour between sunrise and sunset with a Li-cor irradiance meter.
Water bottle sampling. According to water depth and vertical distribution of fluorescence, 3 to 7 depths were selected for water sampling using 8 l Niskin water bottles. All samples for chemical and biological measurements were taken from the same water bottle. ) were taken from all depths and frozen (-18°C) immediately and later measured spectrophotometrically according to Strickland & Parsons (1968) .
Particulate organic carbon (POC): 1000 ml samples were filtered onto precombusted Whatman GF/F filters for analysis of the POC concentration. The filters were kept deep-frozen (-18°C) for a period of ca. 3 wk, dried in an oven for 24 h at 60°C and again kept deep-frozen until analysis. The samples were analysed in a Carlo Erba Elemental Analyzer (EA 1108).
Phytoplankton biomass and composition: For chl a measurement, a 1000 ml sample was filtered onto Whatman GF/F filters. A small amount of MgCO 3 in saturated aqueous solution was added during filtration. The filters were homogenised and the pigments extracted in 90% acetone. Chl a was determined spectrophotometrically following Jeffrey & Humphrey (1975) .
Phytoplankton species composition: A subset of stations was used for phytoplankton analyses. Samples were taken at up to 4 depths (5 m, depth of maximum flourescence [FM] , 80 and 200 m) depending on water depth. Nanoplankton (2 to 20 µm) and autotrophic picoplankton (< 2 µm) were enumerated by epifluorescence microscopy while larger phytoplankton was quantified using inverted microscopy. For epiflourescence microscopy, samples were stained with proflavine (Haas et al. 1982 ). For each sample 40 ml of seawater was stained with 100 µl of proflavine, and after 2 min it was fixed with 2 ml of 25% glutaraldehyde, and within 24 h filtered onto black 0.2 µm polycarbonate filters and rinsed with demineralized water. The dry filters were mounted in parafin oil on microscope slides and stored in the refrigerator for later examination. In the laboratory, a minimum of 400 nanoplankton cells and > 500 autotrophic picoplankton cells (incl. Synechococcus) were enumerated using an Olympus BH2 epifluorescence microscope. Cell volume was estimated from length and width measurements of 10 cells from each nanoplankton category per filter and converted to carbon using volume-sensitive carbon regressions for flagellates and diatoms (Eppley et al. 1970) . A constant carbon per cell estimate (250 fg C cell -1
) was used for Synechococcus (Campbell et al. 1994) . A 500 ml sample for enumeration of the larger phytoplankton (> 20 µm) was fixed in 2% Lugol (final concentration). Because of the very low concentration of the larger phytoplankton, the samples were concentrated to a final volume of ca. 50 ml prior to identification and enumeration using an inverted microscope according to Utermöhl (1958) . Organisms were sized, converted to biovolume assuming simple geometric forms and subsequently to carbon using the carbon conversions in accordance with Edler (1979) for diatoms, dinoflagellates and cyanobacteria.
Primary production: Samples for primary production were kept in dim light until transfer to 25 ml acidwashed Pyrex incubation bottles. Two µCi of a NaH 14 CO 3 solution were added to each of the incubation bottles. Incubation was conducted in a laboratory incubator; PI-curves (photosynthesis [P], irradiance [I]) were established for the phytoplankton community in the surface (5m) and at the depth of maximum fluorescence. Bottles were incubated at 0 (dark in duplicates), 3, 7, 13, 25, 50 and 100% (triplicate) of full incubator irradiance . Duplicate surface samples were exposed to natural sunlight (on deck). For 3 additional depths, duplicate full light bottles and 1 dark bottle were incubated. After 2 h incubation the light was dimmed and the samples immediately filtered onto 0.45 µm cellulose nitrate filters. One drop of 0.1 N HCl with 5% formalin was added on each filter and the filters were transferred to plastic vials and refrigerated. In the laboratory a 4 ml scintillation cocktail was added to each vial (Packard Ultima Gold). After 8 h the samples were mixed and counted on a Packard scintillation counter. Net DPM values were converted into C assimilation rates assuming a DIC concentration of 25 mg C l -1 and further to specific primary productivity (SPP µg C µg chl
) by division with the measured chlorophyll concentration in the sample. SPP values were plotted against irradiance (I) and fitted by non-linear regression to an exponential saturation function SPP = P max (1 -exp(-α × I )). PI parameters (P max , maximum photosynthesis rate, and α, light utilisation coefficient) were estimated for all depths by linear extrapolation of values from the 2 measured depths. For each depth and hour, in situ light was estimated from surface irradiance measurements fitted to a parabolic function of time and measurements of light attenuation with depth. In situ SPP was then estimated for each depth and clock hour from the estimated in situ irradiance and the estimated P max and alpha values for the given depth. In situ primary production was calculated by multiplication with the estimated average chlorophyll concentration (over the course of the internal wave) and integrated over time and depth.
Bacterioplankton biomass and production. Bacterial abundance: Samples were taken at 5 m, 15 m, FM, 80 m and just above the bottom (AB). For the deep stations AB was replaced by a 100 m sample. For estimation of bacterioplankton biomass, samples were stained with acridine orange (Hobbie et al. 1977) . Forty ml of seawater was fixed with 2 ml 25% glutaraldehyde. Within 24 h, a 5 ml sample was filtered onto black 0.2 µm polycarbonate filters. When the filters were dry, they were stained with acridine orange for 2 min and rinsed with demineralized water (Hobbie et al. 1977) . The dry filters were placed in a stamp collection folder and stored frozen. In the laboratory, a minimum of 400 cells were enumerated on each filter using an Olympus BH-2 epifluoresence microscope. Cell volumes were estimated from length and width measurements of 50 cells per filter and the volumes were converted to carbon using the power function as suggested by Simon & Azam (1989) .
Bacterial production: Bacterial growth rate were measured from 3 H-thymidine incorporation according to Fuhrman & Azam (1980) . Triplicate 10 ml seawater samples had 100 µl 250 nM 3 H-thymidine added to each and incubated for 30 min. Incubation was stopped by adding 100 µl 25% formaldehyde. One additional blank sample had 100 µl 25% formaldehyde added before adding 3 H-thymidine. Samples were refrigerated and within 24 h filtered onto Whatman cellulosenitrate filters (0.45 µm) on a filtration unit with cold steel cylinders. Once filters were dry they were rinsed with cold 0.1 N HCl. The dry filters were transferred to plastic mini-vials and stored refrigerated. H-thymidine incorporation was analysed by scintilation-counting within 1 wk of the cruise. The incorporated 3 Hthymidine was converted to cell production using a factor of 1.1 × 10 18 cells mol -1 thymidine incorporated (Riemann et al. 1987) .
Protozooplankton. A 500 ml water sample for enumeration of heterotrophic/mixotrophic protozoa was fixed in 1% Lugol's solution (final concentration). A subsample of 50 or 100 ml was counted after 24 h of sedimentation using an inverted microscope. Depending on abundance of the species in consideration, a fraction of, or the total sample, was counted. The biomass of the heterotrophic dinoflagellates < 20 µm was estimated using the proflavine-stained filters prepared for the nanoflagellates (see above). Biovolumes of the cells were estimated from measurements of linear dimensions assuming simple geometrical shapes. The volume to carbon conversion factors used were 0.11 µg C µm -3 for ciliates and naked dinoflagellates and 0.13 µg C µm -3 for thecate dinoflagellates (Edler 1979) . Biovolumes of heterotrophic dinoflagellates <20 µm were converted to carbon using volume sensitive carbon regressions (Eppley et al. 1970) .
Depth integration. To compare the productivity across the shelf area of the Andaman sea, all biological data were converted to biomass per unit area (m -2 ). Since no major differences were observed between the transects, all biological data are presented against bottom depth, assuming that this parameter gives the best description of the site-specific physical forcing. The biomass of the discrete samples of phytoplankton, bacteria, heterotrophic nanoflagellates and microprotozooplankton (3 to 5 depths per station) and chl a fluorescence (50 to 200 measurements) were transformed by trapezoidal integration to (1) a depth of 100 m representing the lower limit of the photic zone, 1% light depth, or (2) the actual bottom at the shallower stations.
RESULTS

The solitons
A characteristic oceanographic feature of the Andaman Sea is the occurrence of high amplitude solitons in the pycnocline (internal waves). During our cruises surfacs 'fingerprints' of the solitons were evident. When we sailed along the transects, the passing wave packets could be seen as repeated patterns of surface 'oily slicks' and wave bands 'ripes'. The height of the soliton peaked at the depth of the pycnocline (Fig. 3) and was horizontally most pronounced at the shelf slope at 250 to 350 m depth, where wave heights reached up to 65 m (Fig. 3) . When the soliton wave packets passed onto the shallow shelf, the height of the waves was dampened (Fig. 3) .
Water column structure
The surface water was between 28 and 29°C and 32.8 to 33 PSU. Below the pycnocline, here defined by the 1021.5 kg m -3 isopycnal, the water temperature decreased to below 14°C and the salinity increased to 35 PSU at depths > 250 m (Fig. 2) . Between the 2 cruises the average depth of the pycnocline was eroded from 34 ± 2 m in March to 62 ± 2 m in August (Fig. 4) . The water column at the near shore station was vertically well mixed while the column at the deeper stations were strongly stratified (Figs. 4 & 5) . In general, the stratification index showed the same trend along all transects; the water column off the shelf break was strongly stratified, while the intensity of stratification decreased over the shallow mid-shelf (Fig. 5) . At midshelf the pycnocline meets the bottom and a frontal zone is established (Figs. 4 & 5) . During the August cruise (SW-96), the stratification at the shelf stations were weaker, probably due to more intense winds and the erosion of the pycnocline. In accordance with internal wave height observations (Fig. 3) , the wave intensity index peaked at the lower shelf break at 250 to 350 m depth (Fig. 5) .
The vertical distribution of inorganic nutrients reflected the water column structure. A depletion of nitrate in the surface layer was evident during both seasons, where the concentration was < 0.1 µM in the upper 25 m during March and 50 m during August (Fig. 6A) . The nitracline deepened along with the erosion of the pycnocline from 30 to ca. 60 m from March to August. Across the pycnocline the nitrate concentration increased to reach 24.0 ± 0.1 and 23.3 ± 0.5 µM below 150 m during the March and August cruises, (Fig. 6A) . The vertical distribution of nitrite mirrored that of nitrate. However, nitrite contributed only <1% of the nitrate. The vertical distribution of inorganic phosphorus resembled that of nitrate, with low concentrations above the pycnocline (Fig. 6B) . In contrast to nitrate, the concentration of inorganic phosphorous was measurable in the surface layer; 0.13 ± 0.02 and 0.05 ± 0.004 µM during the March and August cruises, respectively. Across the pycnocline, the concentration of phosphorus increased to 2.18 ± 0.05 µM (March) and 1.79 ± 0.13 µM (August) at 150 m depth. The ratio of nitrogen to phosphorous based on all measurements was 11.28, r 2 = 0.92 (March) and 11.25, r 2 = 0.98 (August) (Fig. 6C ). If considering only samples below the euphotic zone (>100 m), the derivation from the Redfield ratio (N/P = 16) is even more pronounced.
Phytoplankton biomass and composition
In the upper nitrogen-depleted surface layer of the water column, the chl a concentration was very low, typically in the range of 0.05 to 0.1 µg chl a l -1 in both seasons. In association with the increasing nutrient concentrations in the pycnocline, a positive response in the chl a concentrations was observed (Fig. 4) . The overall distribution of the chl a fluorescence thus largely followed the stratification of the water column, with highest values measured in the pycnocline, where concentrations of 0.5 to 1.5 µg chl a l -1 were recorded. Along each transect the highest chl a concentration was observed in the front established at mid shelf where the pycnocline meets the bottom (Fig. 4) . Here salt nutrient-rich water is introduced to the nutrient-depleted surface layers, fertilising the phytoplankton (Fig. 7) illustrated by the significant and positive correlation between the salinity and the chl a concentration in 10 m (ANOVA, n = 56, p < 0.01). In most cases, the highest chl a concentration was observed in association with these fronts. In spite of the very large internal waves at the lower shelf slope (Figs. 2 & 3) , no indication of an introduction of nutrients to the nitrogen-depleted surface layer was apparent in this otherwise very dynamic hydrographic zone. No statistically significant differences regarding the plankton were observed between the transects. Following the deepening of the pycnocline from March to August, the depth of the chl a peak also shifted from 30-40 m to 60-70 m depth.
In both seasons the integrated chl m -2 showed pronounced station-to-station variation along the transects. However, there was a tendency of increased val- (Fig. 8A,B) . This trend was corroborated by the depth distribution of integrated phytoplankton, calculated from the samples analysed by microscopy ( Fig. 8C,D) No seasonal or horizontal differences in the integrated biomass or species composition of the phytoplankton community were observed. On both cruises, the picophytoplankton dominated the phytoplankton community (Fig. 8E,F) , especially Synecochococcus, which was very abundant contributing 72 ± 4 and 74 ± 4% of the integrated autotrophic biomass in March and August, respectively. Autotrophic flagellates, especially autotrophic gymnodinoid dinoflagellates and haptophytes, were less important, with a contribution of 5 ± 1 and 15 ± 3% of the integrated biomass during March and August, respectively. The net plankton fraction, i.e. > 20 µm, comprised diatoms and autotrophic dinoflagellates, with diatoms (Pseudonitzchia, Thalassionema, Cylindrotheca and Pleurosigma) contributing 23 ± 4 and 11 ± 2% of the integrated phytoplankton community in March and August, respectively. In addition, the filamentous cyanobacterium genus Trichodesmium was observed, both in near-shore waters and offshore. There was a relatively good correspondence between the integrated chl a and carbon biomasses estimated from microscopy (r 2 = 0.5, n = 21). The average conversion factor from chl a to carbon was 42 ± 10. If the surface and the depth of maximum chl a is considered separately, conversion factors of 74 and 35 are obtained for the surface and pycnocline population, respectively. The photoacclimatisation illustrated by the ratio of the conversion factors, 2.2, is similar to the ratio obtained from the combustion of the CHN filters, 2.8 ± 0.6, n = 15.
The integrated primary production showed pronounced variation along the transects. During both cruises, a peak in primary production, ca. 1500 mg C d -1 , was observed in association with the midshelf front (Fig. 8G,H) . There was no significant difference in the primary production between the 3 zones or the 2 seasons; the average integrated primary production was 684 ± 79, n = 19 and 569 ± 76, n = 16 mg C m -2 d -1 during the March and August cruises, respectively.
Bacterioplankton
Bacterial abundance varied between 2 and 2.6 × 10 5 cells ml -1 (Table 1) . No significant differences were observed in abundance data between the cruises or amongst the 3 depth strata sampled (Table 1 ). The average bacterial biomass was 652 ± 65 and 867 ± 72 mg C m -2 during the NE and SW cruise, respectively (Fig. 9A,B) . The integrated bacterial production showed no systematic variation along the transect; the average integrated bacterial production was 139 ± 13, n = 16 and 140 ± 37, n = 7 mg C m -2 d -1 during March and August, respectively (Fig. 9C,D) . . The heterotrophic nanoplankton community was dominated by miscellaneous heterotrophic flagellates, loricate choanoflagellates and dinoflagellates, listed in decreasing order of importance in Table 2 . Athecate dinoflagellates in the 10 to 20 µm size category dominated the heterotrophic assemblage. Additionally the 'incertae sedis' genus Leucocryptos was a noticeable component of this size class, but occurred only in low numbers. In the size category 2 to 5 µm, miscellaneous heterotrophic flagellates with unknown taxonomic affinity were dominant and loricate choanoflagellates, such as species belonging to the genera Cosmoeca, Platypleura and Stephanacantha, were present as well. In general, the highest abundance was observed in the euphotic zone. There was considerable cross-shelf variation within each cruise. However, no major seasonal difference was observed in abundance data. The average integrated biomass of heterotrophic nanoflagellates was 29 ± 7 and 28 ± 3 mg C m -2 during the March and August cruises, respectively (Fig. 10A,B Depth of max. fluorescence Heterotrophic dinoflagellates 13.0 ± 6.6 9.0 ± 1.0 52 ± 5 69 ± 29 Choanoflagellates 19.0 ± 2.9 11.0 ± 2.3 12 ± 1 11 ± 2 Leucocryptos sp.
0.6 ± 1.7 0.5 ± 1.6 69 ± 5 63 ± 1 Miscellaneous 270 ± 100 250 ± 130 8 ± 1 8 ± 1 Total 303 ± 120 271 ± 140 26 ± 3 29 ± 9
Above bottom or 100 m Heterotrophic dinoflagellates 5.6 ± 4.9 3.4 ± 3.3 47 ± 15 43 ± 10 Choanoflagellates 7.2 ± 9.2 6.4 ± 2.4 12 ± 4 7 ± 1 Miscellaneous 140 ± 68 250 ± 65 4 ± 1 6 ± 1 Total 153 ± 73 260 ± 64 19 ± 6 17 ± 6 ; mean ± SE) and average cell volume (µm 3 ; mean ± SE) in the 3 depth strata sampled during cruises NE-96 and SW-96 
Microprotozooplankton
The microprotozooplankton was dominated by heterotrophic dinoflagellates and ciliates (Fig. 10C-F . Dinoflagellates contributed more than 50% of the microprotozooplankton biomass during March, while both groups contributed equal shares to the integrated microprotozooplankton biomass during August. Despite the pronounced phytoplankton subsurface peak, the protozoan biomass and abundance was the same in the surface and subsurface chl a peak at the pycnocline ( Table 3 ). The average biomass was 0.5 to 1 µg C l -1 , where the highest biomasses were observed nearshore at the shelf break. The dinoflagellate community was dominated by naked forms e.g. Gyrodinium spirale, G. dominans, G. glaucum, Cochlodinium sp. and a mixotrophic Torodinium sp. Only few Protoperidinium spp. and Dinophysoid species were observed. The average integrated biomass of heterotrophic dinoflagellates was 38 ± 2 and 33 ± 4 mg C m -2 during the March and August cruises, respectively. Naked oligotrichs (Strombidium spp., Strobilidium spp., Tontonia and Legardiella sol) dominated ciliate biomass. Tintinnids and Mesodinium rubrum were also observed, but in very low numbers. The average integrated ciliate biomass was 31 ± 3 and 45.3 ± 3 mg C m -2 during the March and August cruises, respectively. For further details see P. J. Hansen & T. G. Nielsen (unpubl.) .
DISCUSSION
Internal waves
The Andaman Sea is known as the site of the world's largest soliton (Osborne & Burch 1986 ). The internal waves are generated at the Nicobar Islands at the eastern border of the Andaman Sea, and tidal movements over the shallow inlets between the Islands create the solitons (Osborne 1990 ). Solitons typically occur in tows comprising about 6 to 8 waves. The waves within a tow are normally rank ordered by amplitude, with the largest in front (Osborne 1990 ). The interval between each packet is ca. 12.4 h synchronous with the tidal period of the Andaman Sea (Osborne 1990) . During the present investigation, we were not able to deploy adequate equipment, i.e. moored and ship based ADCP's, to resolve the patterns of the waves. However, during Cruise SW-96, temperature loggers were deployed along the transects at the depth of the pycnocline (data not shown). As illustrated by wave height measured in the present study (Fig. 3) , oscillations of the pycnocline were primarily observed from the midshelf front (60 m depth) and further offshore. When the 'original' soliton packet is generated every 12.4 h, the radiation trailing behind the soliton separates into more packets (Osborne 1990) . This is in accordance with our observations of a nearly continuous series of pulses off shelf (T. G. Nielsen et al. unpubl . data), with no apparent Table 3 . Abundance of ciliates and heterotrophic dinoflagellates > 20 µm (cells ml -1 ± SE) in the 3 depth strata sampled during cruises NE-96 and SW-96 tidal periodicity. Along our transects the highest waves, > 60 m, were observed where the wave packets encounter the shelf break at 250 to 350 m bottom depth (Fig. 3) . Direct observations of breaking oceanic solitons are rarely documented (Haury et al. 1983) . However an amplification of the wave height, as observed in the present study, possibly leads to increased mixing of the water column. The effect of mixing might be observed directly or indirectly. Directly through an increase in surface nutrient concentration or salinity (Holligan et al. 1985) or a temperature reduction (Holligan et al. 1985) , or indirectly through enhanced biomass, average cell size or primary or secondary production at the site of mixing (Kiørboe 1993 , Nielsen et al. 1993 ). We do not have direct evidence of solitons breaking at the shelf slope where the amplitude of the wave was largest. However, in the present study an increase in surface salinity was observed, where the waves encounter the shoal water on the shelf slope in association with the mid-shelf front (Fig. 7) , illustrating mixing of the sub-pycnocline nutrient-rich water upwards into the surface layer. Increase in the nutrient concentrations could not be detected, but a significant increase in chl a was observed at the shelf slope front. The lack of a nutrient signal was probably due to prompt assimilation of the nutrients by phytoplankton.
Implications of solitons on the pelagic community
Because of the strong thermal stratification in the Andaman Sea, the primary producers depleted inorganic nitrogen from the surface layer down to the pycnocline at 30 to 40 m and 60 to 70 m depth during the NE-96 and SW-96 cruises, respectively (Figs. 4 & 6) . Primary production above the pycnocline is fuelled by regenerated nitrogen from the heterotrophs, and new production will only occur when nutrients from the lower part of the pycnocline are transported to the surface waters through erosion of the pycnoline or from land-based sources. As frequently observed in other stratified waters, accumulation of chl a was observed at the pycnocline, where light is supplied from above and nutrients from below. The subsurface chl a maximum may thus act as a drain of nutrients mixed upwards from below the pycnocline (Pingree et al. 1977) , reducing the nutrients available for the surface phytoplankton population.
The internal wave may have major implications for the phytoplankton community by lifting the pycnocline phytoplankton to more favourable average light conditions, and by creating shear and turbulence which cause injections of nutrients to the depleted surface community, especially if waves are amplified or break (Haury et al. 1983 , Lande & Yentsch 1988 . During the passage of a wave (Fig. 2) ) of the surface irradiance. Consequently the pycnocline phytoplankton community is lifted from below the compensation point up to the euphotic zone during passage of a wave tow. Assuming that primary production in the lower euphotic zone is light-rather than nutrient-limited (MacIsaac & Dugdale 1972) , this will clearly increase new primary production in the lower part of the euphotic zone. Calculating the primary production level at the 2 extremes, i.e. when the florescence peak is in the wave crest and trough, results in an integrated primary production of 1140 and 826 mg C m -2 d -1 , respectively. However because the light conditions at the pycnocline are on the linear part of the PI-curve the irradiance available to the primary producers should be computed as the average light experienced during the passage.
Judged from the N:P ratio in the surface water of 3.7 ± 0.7 and 1.3 ± 0.8 during March and August, respectively, and the vertical availability of nitrate with surface concentrations close to the detection limit, the plankton community was nitrogen depleted during both seasons (Fig. 6) . This assumption is supported by experiments conducted in parallel with the present cruises, clearly demonstrating that additions of nutrient to surface-water results in an immediate response in the biomass of phyto-and microprotozooplankton (P. J. Hansen & T. G. Nielsen unpubl.) . The microcosm experiments also illustrate a qualitative change of the phytoplankton from picoplankton towards large diatoms (P. J. Hansen & T. G. Nielsen unpubl.) .
Injection of nutrients to the surface layer due to mixing (Holligan et al. 1985 , Pingree et al. 1986 or ultimately breaking of the internal waves (Woods & Wiley 1972) has been documented from other areas. Such episodic disturbances of the water column are often sites of enhanced plankton production (Legendre 1981) . Prior to the present investigation, we assumed that nutrient-rich water mixed into the surface layer at the shelf break (Figs. 2 to 4) . However, measurements of primary production and standing stocks of planktonic organisms along the transects did not support the hypothesis of injection of nutrient rich bottom water at the shelf break.
Impact of water column structure on the pelagic community
A characteristic feature of the Andaman Sea plankton community was the subsurface chlorophyll maximum layer centred around the pycnocline, as observed in other stratified waters when nutrients in the surface layer are depleted (Bhattathiri et al. 1996) . However, this subsurface chl a peak was, to a large extent, due to increased specific chl a concentration of the subsurface populations rather than a genuine biomass accumulation, illustrated by the 2.2-to 2.6-times lower chl a carbon conversion factor for the pycnocline population compared with the surface. This assumption is corroborated by the vertical distribution of the succeeding heterotrophic links in the food chain, where no differences between surface and pycnocline biomasses were observed for bacteria (Table 1) , heterotrophic nanoflagellates (Table 2 ) or ciliates and dinoflagellates (Table 3 ). However, despite the lack of a numerical response of the heterotrophic community associated with the subsurface bloom, the turn-over of the populations could be faster than in the water column above.
Productivity of the Andaman Sea
In tropical marine ecosystems where surface water temperature is constantly high, the thermal stratification of the water column results in strong nutrient limitation of the phytoplankton population (Woodward et al. 1999) . The nitrate concentrations and vertical distribution of primary producers measured during the present study are comparable to what is reported from the western Andaman Sea (Gomes et al. 1992 ) and other tropical oligotrophic waters, e.g. Arabian Sea (de Souza et al. 1996 , Woodward et al. 1999 ) and Banda and Arfura Sea (Wetsteyn et al. 1990 ). The present study illustrates a pronounced effect of stratification on the primary producers across the shelf and the shelf slope. On the other hand, despite the very dynamic nature of the of the pycnocline and the nutrient depletion of the surface community, it was not possible to identify higher phytoplankton production at the immediate shelf break in the Andaman Sea, as suggested by previous investigators (Wium-Andersen 1977 , Yesaki & Jantarapagdee 1981 . However, enhanced primary production and biomass of phytoplankton was observed further onshore at the mid-shelf front where our observations indicate introduction of cold, salt, nutrient rich water to the upper layers (Figs. 4 & 7) .
Outside the mid-shelf front the integrated primary production was fairly stable, and it was high from the midshelf front and across the shelf slope, 684 ± 79 and 569 ± 76 mg C m -2 d -1 during the NE and SW cruises, respectively. The estimated annual primary production of 229 g C m -2 yr -1 is lower than previous measurements from Thai coastal waters of 384 g C m -2 yr -1 (Sundström et al. 1987 ) and 300 to 540 g C m -2 yr -1 (Janekarn & Hylleberg 1989) . The integrated primary production of the Andaman Sea is within the range reported from other tropical marine areas influenced by monsoonal forcing (Table 4) . Sites of higher production primarily occur along the western coast of India during the SW (summer monsoon), because of coastal upwelling (Battathiri et al. 1996) . However, no indication of upwelling was evident during the present investigation.
Seasonal variability of the primary producers and the microbial food web
Investigations in the Arabian Sea have documented a significantly higher primary production during the NE monsoon (Bhattathiri et al. 1996 , Barber et al. 2001 ) than during the SE monsoon. The high production observed along the Indian coast during the SE monson is due to a combination of coastal upwelling and airborne iron fertilization of the surface water (Smith 2001) . However, despite significant seasonal variation in primary production (Bhattathiri et al. 1996) , a similar seasonal pattern could not be documented for bacterial abundance or production or microzooplankton biomass ; the highest heterotrophic activity was observed in the inter-monsoon season. In the Andaman Sea, no quantitative or qualitative difference was observed between the phytoplankton community structure, primary production and the microbial food web during the 2 seasons. The only obvious difference between the 2 seasons was vertical displacement of the nitracline from March to August as also observed in, e.g. the central Arabian Sea (Bhattathiri et al. 1996) . Since the pycnocline prevents the fertilisation of the euphotic zone, our measured primary production is largely relying on regenerated nutrients. However, between the cruises a significant amount of nitrate was introduced to the surface layer, as the pycnocline was eroded 28 m deeper down (Fig. 6) . Assuming a subpycnocline nitrate concentration of 24 µM, corresponding to 336 mg N m -3 , and a C:N stoichiometric ratio of 6.6:1, the introduced nitrate will potentially give rise to a new production of 62 g C m 2 . This is a significant addition to the estimated annual production of 229 g C m -2 yr -1
. This is not a gradual process, but rather is associated with the increase in wind energy in May and June (Janekarn et al. 2001) . Such a sudden addition of nutrients will presumably give rise episodic blooms of large cells implicating the structure and function of the pelagic food web, as illustrated by our microcosm experiments (P. J. Hansen & T. G. Nielsen unpubl.) .
The Andaman Sea food web compared with other systems
So far most of the investigations on the microbial ecology of tropical seas have been conducted in the Pacific (Chavez et al. 1996) and Atlantic Oceans (Buck et al. 1996 , Zubkov et al. 1998 ) and the Arabian Sea , Brown et al. 1999 , Garrison et al. 2000 . The eastern side of the Indian Ocean and the Andaman Sea have received much less attention. However, the structure and complexity of the Andaman Sea pelagic food web, resembles that described from other oligotrophic subtropical and tropical ecosystems (Sorokin et al. 1985 , Buck et al. 1996 , Veldhuis et al. 1997 , Garison et al. 2000 , Siokou-Frangou et al. 2002 . The most important feature of these systems is the significance of the picophytoplankton fraction. The small size of the primary producers (Fig. 8E,F) and the significant contribution of bacterial biomass (Fig. 11C,D) and production (Fig. 11E,F) to the pelagic food web illustrates the key role of the microbial food web in transferring the primary production up the food web (Fig. 12) . The dominating protist grazers, i.e. the heterotrophic nanoflagellates and small oligotrich ciliates, in contrast to the copepods, have the potential to exploit these carbon sources directly (Christaki et al. 1998 . The other key groups of microproto-zooplankton, the heterotrophic dinoflagellates, belong to the same size class as the ciliates, but from a functional point of view they act differently. Ciliates mainly predate on prey ~1:10 of their cell volume while dinoflagellates may have a 1:1 predator:prey ratio (Hansen et al. 1994) . The Andaman Sea dinoflagellates must consequently to a large degree rely on the ciliates that dominate their potential food source (Figs. 11G,H & 12) . The relatively high biomass of microprotozooplankton compared with the larger phytoplankton fraction (Fig. 11G,H) indicates a very strong coupling between the copepods and the microbial food web as documented by Satapoomin et al. (2004) . Compared , and (C,D) relative importance of bacterial carbon BB × 100/PB. (E,F) Relative importance of bacterial production BP × 100/PP, and (G,H) relative importance of the microprotozooplankton to the copepod diet (i.e. net phytoplankton + microprotozooplankton along transects for the 2 seasons. PP: primary production; PB: phytoplankton biomass; BP: bacterial production; BB: bacterial biomass.
Shading indicates the upper shelf slope with tropical upwelling areas where relatively large phytoplankton cells are directly available to the copepods, the Andaman Sea pelagic food web is relatively complex, with 4 to 5 trophic levels and a significant respiratory loss before the small primary producers enter the classical food web (Fig. 12) . The only mesozooplankton able to shortcut the food web, the appendicularians, by exploiting the picoplankton directly were not sampled quantitatively and thus not included in the budget. However, based on our semi quantitative data (Munk et al. 2004 ), the appendicularians potentially are an important element of the Andaman Sea, which should be considered in future studies.
CONCLUSION
The shelf area of the Andaman Sea has the potential of being a productivity 'hotspot', i.e. a persistent front where stratified water meets the mixed coastal ) and the white arrow entering and black arrow leaving the box illustrate ingestion and production of that particular compartment of the microbial food web (mg C m -2 d -1
). Potential ingestion of the protists was calculated from the average volume of ciliates, heterotrophic dinoflagellates and heterotrophic nanoflagellates of 4400, 3100 and 25 µm 3 respectively, assuming maximum clearance and a Q 10 of 2.8 (Hansen et al. 1997) water in combination with a very dynamic oceanography. Previous investigations in the Andaman Sea (Wium-Andersen 1977 , Yesaki & Jantarapagdee 1981 have suggested that a shelf-break front was highly productive and potentially important for the productivity of the area. However, regardless of high spatial resolution across of the very dynamic shelf, no peak in primary production or standing stock of key components of the microbial food web was observed. A similar conclusion was reached by Satapoomin et al. (2004) for copepod biomass and egg production rate. One possible explanation is that the strong stratification of the water column prevents the breakage of the internal wave; consequently only small pulses of nitrate are transported upwards and immediately transferred up the fast growing microbial food web. The site of particularly high production was at the mid shelf front where breaking of the shoaling waves persistently introduced cold, salt nutrient-rich water to the euphotic zone, resulting in enhanced phytoplankton biomass and production. Future investigations have to consider this discontinuity carefully if the productivity of this dynamic area is to be thoroughly understood.
